Background Recent research has demonstrated that aerobic exercise can attenuate craving for drugs of abuse and reduce escalation and reinstatement of drug-seeking behavior in animal models. The present study examined the effects of aerobic exercise on the development of the incubation of cocaineseeking behavior or the progressive increase in cocaine seeking over a protracted withdrawal period from cocaine selfadministration. Methods Female rats were trained to self-administer cocaine (0.4 mg/kg/inf) during daily 6-h sessions for 10 days. Subsequently, access to cocaine and cocaine-paired cues was discontinued during a 3-or 30-day withdrawal period when rats had access to either a locked or unlocked running wheel. At the end of the withdrawal period, rats were reintroduced to the operant conditioning chamber and reexposed to cocainepaired cues to examine cocaine-seeking behavior under extinction conditions. Results Rats with access to a locked running wheel during 30 days of withdrawal had significantly greater cue-induced cocaine-seeking behavior than rats that had access to an unlocked running wheel for 30 days. Further, there was robust incubation of cocaine seeking in rats with access to a locked running wheel as cocaine seeking was notably elevated at 30 vs. 3 days of withdrawal. However, cocaine-seeking behavior did not differ between rats with access to an unlocked running wheel for 30 vs. 3 days, indicating that incubation of cocaine seeking was suppressed following access to exercise for 30 days. Conclusion Aerobic exercise during extended withdrawal from cocaine self-administration decreased incubation of cue-induced cocaine-seeking behavior and may reduce vulnerability to relapse.
Introduction
Relapse to drug use is a major barrier to the treatment of addiction, with 80-90 % of former users relapsing within 1 year of drug use cessation (Brandon et al. 2007; Kirshenbaum et al. 2009 ). Relapse is often preceded and accompanied by robust craving elicited by drug-paired stimuli and environments, and reports have demonstrated a progressive increase in drug craving or drug seeking over the withdrawal period in both humans (Gawin and Kleber 1986) and animals (Grimm et al. 2001; Neisewander et al. 2000) . In 1986, Gawin and Kleber (1986) sought to characterize drug craving in cocaine-dependent individuals. Their subjects described a period of low craving for cocaine during initial weeks following drug use cessation; however, after a period of abstinence as long as 28 weeks, they experienced the return of intense craving precipitated by cocaine-paired cues. In the laboratory, this phenomenon was reproduced in rats (Grimm et al. 2001; Neisewander et al. 2000) and, subsequently, humans (Bedi et al. 2011; Wang et al. 2013; Li et al. 2014) , and it has been referred to as the Bincubation^of drug craving or drug seeking (Grimm et al. 2001) . Incubation results from the development of time-dependent, withdrawal-induced neuroadaptations (Grimm et al. 2001; Conrad et al. 2008; Pickens et al. 2011; Wolf and Tseng 2012) and may contribute to relapse after protracted withdrawal (Conrad et al. 2008 ). Laboratory models of incubation typically compare drugseeking behavior in response to drug-paired cues during early and late withdrawal from drug self-administration (Grimm et al. 2001) . Cue-induced drug seeking has been shown to peak around 2-3 months of withdrawal in both rats (Grimm et al. 2001; Lu et al. 2004 ) and humans (Wang et al. 2013; Li et al. 2014) , and greater drug seeking during late vs. early withdrawal was found using a range of reinforcers including cocaine (Gawin and Kleber 1986; Grimm et al. 2003; Shaham 2002) , nicotine (Abdolahi et al. 2010; Bedi et al. 2011) , methamphetamine (Shepard et al. 2004; Wang et al. 2013) , heroin (Shalev et al. 2001) , alcohol (Bienkowski et al. 2004; Li et al. 2014) , and sucrose (Grimm et al. 2005) .
As it may enhance vulnerability to relapse after an extended withdrawal period, incubation of drug seeking is an important factor to consider in designing treatment strategies for drug abuse (Lu et al. 2004; Conrad et al. 2008; Pickens et al. 2011; Chauvet et al. 2012) . Thus far, however, few investigations have examined treatments to reduce or eliminate the incubation of cue-induced drug seeking. A growing body of research has evaluated the physiological and affective benefits of exercise and physical activity and has begun exploring potential treatment applications for exercise as a behavioral intervention (USDHHS 1996; Bardo and Compton 2015) . Results have shown a negative correlation between physical health and fitness and relapse to smoking (Metheny and Weatherman 1998) and a significantly reduced risk of smoking relapse in adults who were physically active (McDermot et al. 2009 ). Controlled laboratory studies in humans also have demonstrated that moderate intensity aerobic exercise decreased drug cravings Daniel et al. 2004; Buchowski et al. 2011; Prapavessis et al. 2014 ) and alleviated symptoms of drug withdrawal (Ussher et al. 2001; Daniel et al. 2004; Williams et al. 2011; Prapavessis et al. 2014) . Additionally, animal experiments have revealed promising treatment effects of exercise on drug-seeking behaviors. Voluntary wheel running decreased reinstatement of cocaine-seeking behavior precipitated by exposure to cocaine (Zlebnik et al. 2010 (Zlebnik et al. , 2014 , yohimbine (Zlebnik et al. 2014) , and cocainepaired cues Peterson et al. 2014a; Zlebnik et al. 2014) .
While the effects of exercise on the incubation of drug seeking are unknown at present, a recent study by Chauvet et al. (2012) explored the effects of housing in an enriched environment that included a running wheel vs. a standard laboratory environment during withdrawal on subsequent cocaine seeking. Animals housed in the enriched environment had significantly less responding for cocaine-paired cues compared to standard housing controls after both 30 and 60 vs. 1 day of withdrawal. Although drug seeking was not assessed during early withdrawal, Lynch et al. (2010) found that daily wheel running introduced during a 2-week withdrawal period significantly attenuated reinstatement of cocaine-seeking behavior provoked by exposure to cocaine-paired cues. The treatment outcomes from these studies are promising, suggesting that enriching the environment with opportunities for exercise may have a lasting impact on cue-induced drug seeking and the potential for this drug seeking to increase over time.
In the present study, we examined the effects of aerobic exercise on the incubation of cocaine-seeking behavior. Female rats were studied because they achieve higher wheel running rates than males (Boakes et al. 1999; Cosgrove et al. 2002; Eikelboom and Mills 1988; Lambert and Kinsley 1993) and demonstrate greater receptivity than males to the attenuating effects of wheel running on cocaine-maintained behaviors (Cosgrove et al. 2002; Thanos et al. 2010; Smith et al. 2011) . They were given access to a locked or unlocked running wheel during a withdrawal period of 3 or 30 days following cocaine self-administration. Following this period of withdrawal, cocaine-seeking behavior was measured in response to cocaine-paired cues. We hypothesized that unlocked wheel access would attenuate responding for cocaine-paired cues compared to locked wheel conditions and prevent the incubation of cocaine-seeking behavior.
Materials and methods

Animals
Fifty-three female adult Wistar rats were obtained from Harlan Sprague-Dawley, Inc. (Madison, WI, USA) and began behavioral testing around postnatal day 90. After arrival at the laboratory, rats were pair-housed in plastic cages with free access to laboratory chow (Teklad 2018, Harlan Laboratories, Madison, WI, USA) and water for at least 3 days of acclimation. Upon commencement of behavioral testing, rats had free access to water and were fed 16 g of rodent meal outside of behavioral sessions to maintain them at 85 % of their freefeeding body weight. Mean body weights throughout the experiment did not differ among the groups throughout the study. Estrous cycle was not monitored to prevent disruption of cocaine-and exercise-maintained behavior by repeated vaginal lavage (Walker et al. 2002) . All rodent-holding rooms were maintained at 24°C and at 40-50 % humidity under a light/dark cycle (12/12 h) with room lights on at 6:00 a.m. The experimental protocol was approved by the University of Minnesota Institutional Animal Care and Use Committee. The study was conducted in compliance with the Principles of Laboratory Animal Care (National Research Council 2011) , and all laboratory facilities were accredited by the American Association for the Accreditation of Laboratory Animal Care.
Apparatus
During wheel training and withdrawal, rats were housed in plastic bins with attached running wheels (ENV-046, MedAssociates, Inc., St. Albans, VT, USA), and during cocaine self-administration, rats were housed and tested in custom-built operant conditioning chambers as previously described (Zlebnik et al. 2010; Zlebnik et al. 2012) . Data collection and programming were conducted using PC computers with a Med-PC interface (MedAssociates, Inc.).
Cocaine
Cocaine HCl was provided by the National Institute on Drug Abuse (Research Triangle Institute, Research Triangle Park, NC, USA) and dissolved in 0.9 % NaCl at a concentration of 1.6 mg cocaine HCl/1 ml saline. Heparin (5 USP/ml) was added to the cocaine solution to prevent catheter occlusion from thrombin accumulation. The flow rate of each cocaine infusion was 0.025 ml/s, and the duration of pump activation (1 s/100 g of body weight) was adjusted weekly to provide a 0.4-mg/kg cocaine dose throughout self-administration testing.
Catheterization surgery
Following wheel training, rats were implanted with a chronic indwelling catheter in the right jugular vein by methods previously described (Carroll and Boe 1982; Zlebnik et al. 2010) . Antibiotic (enrofloxacin, 10 mg/kg, sc) and analgesic (buprenorphine, 0.05 mg/kg, sc) medications were administered daily during the 3-day recovery period. Each day, catheters were flushed with a solution (0.3 ml, iv) of heparinized saline (20 USP/ml) and cefazolin (10.0 mg/ml) to prevent catheter blockage and infection. Weekly, catheter patency was assessed by injecting a 0.1-ml solution containing ketamine (60 mg/kg), midazolam (3 mg/kg), and saline. If loss of the righting reflex did not manifest from an iv infusion of this solution, a second catheter was implanted in the left jugular vein, and the experiment was resumed following a 3-day recovery period.
Procedure Cocaine self-administration
Following wheel and self-administration training, the experimental procedure consisted of three phases: (1) cocaine selfadministration, (2) withdrawal, and (3) test for cue-induced cocaine-seeking behavior. Acquisition of wheel running and training of cocaine self-administration followed methods previously published (Zlebnik et al. 2010; Zlebnik et al. 2012) . During self-administration training and maintenance, sessions began with illumination of the house light and extension of the active lever into the operant conditioning chamber. Responses on the active/drug-paired lever started the infusion pump and illuminated the stimulus lights located directly above the lever for the duration of the infusion. Responses on the active lever during the length of the infusion (1 s/100 g of body wt) and responses on the inactive lever were recorded but had no programmed consequences. Rats were allowed to self-administer unlimited iv cocaine (0.4 mg/kg/infusion) for 6-h sessions (9:00 a.m.-3:00 p.m.) over 10 consecutive days.
Withdrawal
Following 10 days of cocaine self-administration, catheters were tied off, and rats were randomly assigned to one of four treatment groups, receiving either 3 or 30 days of withdrawal and either access to a locked (L) or unlocked (U) running wheel: U3, N=14; U30, N=12; L3, N=15; L30, N=12. Rats then were moved to housing in plastic bins with attached running wheels (MedAssociates, Inc.) and given 6-h daily access to the running wheel (9:00 a.m.-3:00 p.m.) (Peterson et al. 2014a, b) .
Cue-induced cocaine-seeking test
Rats were returned to the operant conditioning chambers for a 30-min test (Koya et al. 2009 ) of cocaine-seeking behavior under extinction conditions after 3 or 30 days of withdrawal. The experimental conditions were the same as during cocaine self-administration except that active lever presses no longer resulted in cocaine reinforcement; the house light was illuminated, and responses on the lever previously associated with cocaine infusions activated the sound of the infusion pump and the stimulus lights directly above the lever. Responses on the inactive lever again had no consequences.
Data analysis
The primary dependent measures were responses and infusions during cocaine self-administration, wheel revolutions during withdrawal, and responses during the cocaineseeking test. For cocaine self-administration, data were grouped into 2-day blocks to reduce daily variability and the number of post hoc contrasts. Measures were analyzed with two-factor mixed analyses of variance (ANOVA) with group as the between-subjects factor and blocks of days as the repeated measure. Wheel revolutions during withdrawal were compared using two-tailed Student's t tests, and responses during the cocaine-seeking test were examined with a two-factor ANOVA (wheel access×incubation length). Results were considered significant if p<0.05. Planned contrasts were performed with Dunn's (Bonferroni) procedure. To examine the relationship between wheel revolutions during the withdrawal period and subsequent cocaine-seeking behavior, mean wheel revolutions were correlated with mean active lever responses during the cocaine-seeking test using Pearson's product-moment correlations. Statistical analyses were performed using GB Stat (Dynamic Microsystems, Inc., Silver Spring, MD, USA).
Results
Cocaine self-administration (Fig. 1a) and infusions (Fig. 1b) over the 10-day cocaine self-administration period, averaged into five 2-day blocks. Separate two-factor ANOVA (group×block of days) revealed significant main effects of block of days for responses (F 4,196 =4.89, p<0.01) and infusions (F 4,196 =5.10, p<0.01) but no significant effects of group or group×block of days interaction. Additionally, there were no significant trends in inactive responses throughout the selfadministration period (data not shown). These results indicate similar, increasing levels of cocaine self-administration over the 10-day period for all wheel access groups.
Withdrawal
Wheel revolutions during the first 3 days of the withdrawal period (Fig. 2a) did not differ between the groups. For the U30 group, wheel revolutions remained stable over the course of the 30-day incubation period with no significant increase in revolutions from days 1-3 to days 28-30. Figure 2b depicts the number of responses on the previously active lever following reintroduction to the operant conditioning chamber after 3 or 30 days of withdrawal. Data were analyzed by a two-factor ANOVA, and results revealed significant main effects of wheel access (F 1,49 = 10.49, p<0.01) and incubation length (F 1,49 =4.84, p<0.05) but no significant wheel access×incubation length interaction (F 1, 49 =3.21, p=0.0671). Planned comparisons showed a notable increase in cocaine-seeking behavior in the L30 group compared to the U30 group (p<0.01) but no differences between the L3 and U3 groups. The L30 group also exhibited a greater level of responding compared to the L3 group (p<0.05), demonstrating incubation of cocaine-seeking behavior in rats that had access to a locked running wheel. However, for groups that had access to an unlocked running wheel during the withdrawal period, this same increase in cocaine seeking was absent, as there were no significant differences between the U3 and U30 groups. Inactive lever responding (not shown) was low and did not differ among any of the groups during the cocaine-seeking test.
Cue-induced cocaine-seeking test
Wheel revolutions vs. cocaine-seeking responses
Mean wheel revolutions during the entire 3-or 30-day withdrawal period for both unlocked wheel access groups or during the last 3 days of the withdrawal period for the U30 group were not significantly correlated with total responses on the previously active lever during the cocaine-seeking test (data not shown).
Discussion
The primary goal of the present experiment was to investigate the effects of aerobic exercise during a withdrawal period from cocaine self-administration on subsequent relapserelated behavior. Consistent with prior work, results revealed a robust increase in cue-induced cocaine-seeking behavior during late vs. early withdrawal following only 10 days of long access to cocaine self-administration under control conditions, suggesting that even brief exposure to drugs of abuse can produce long-term vulnerability to relapse. Further, access to an unlocked running wheel during 30 days of cocaine Fig. 1 Mean (±SEM) responses (a) for and infusions (b) of cocaine (0.4 mg/kg/inf) averaged into five 2-day blocks over the 10-day cocaine self-administration period. Overall, there were no group differences, and all groups escalated their responding and infusions earned over the selfadministration period (main effect of block of days, **p<0.01) withdrawal significantly attenuated cocaine-seeking behavior compared to locked wheel conditions and prevented increases in cocaine seeking over the 30-day withdrawal period. These findings suggest that aerobic exercise during protracted withdrawal may help to reduce relapse to drug use.
Prior research established reductions in cocaine- (Zlebnik et al. 2010; ), yohimbine- (Zlebnik et al. 2014) , and cue- Zlebnik et al. 2014 ) primed reinstatement of cocaine-seeking behavior by wheel running. However, the current experiment is noteworthy for its demonstration that wheel running suppressed or prevented the incubation of cocaine seeking over extended withdrawal. In particular, results showed that wheel running reduced cocaine seeking at 30 but not 3 days after discontinuation of cocaine self-administration, indicating that aerobic exercise may not necessarily have a general inhibitory effect on relapse-related behaviors but that its effects may be specific to time-dependent changes in drug seeking that occur over several weeks after cocaine access is terminated. These results are consistent with work showing prevention of the incubation of sucrose seeking following housing in an enriched environment that included opportunities for exercise (Grimm et al. 2008) . While previous cocaine self-administration studies have shown that enriched vs. standard environmental conditions attenuated cue-elicited cocaine seeking after an extended withdrawal period (Thiel et al. 2012; Chauvet et al. 2012) , enriched conditions did not succeed in fully suppressing the incubation of cocaineseeking behavior. Typically, enriched laboratory environments involve larger cages, novel objects, social interaction, and running wheels, and many of the beneficial consequences of exposure to enriched environments (i.e., improved learning and memory, neurogenesis, cell proliferation) cannot be segregated from exposure to exercise alone (van Praag et al. 2000) . However, the level of voluntary wheel running achieved in traditional-enriched environments likely does not reach the level achieved in the present study. Therefore, while both environmental enrichment and wheel running alone are effective in reducing drug-motivated behaviors, differential levels of voluntary exercise may account for the discrepancy in the effects of these conditions on time-dependent changes in cocaine seeking.
Additional work will be needed to reveal the time course of development of incubation and the critical period of exposure to aerobic exercise with respect to its ability to suppress incubation of cocaine seeking. For instance, only 3 days of wheel running may not have been sufficient to reduce cocaineseeking behavior compared to locked wheel conditions. However, while some reports suggest that greater access to daily wheel running (6 vs. 1 h/day for 14 days) has a larger attenuating effect on cocaine-motivated responding (Peterson et al. 2014a, b) , Smith and Witte (2012) found that only 4 days of housing with a running wheel was enough to suppress motivation to lever press for cocaine infusions under a progressive ratio schedule. Based on these results, access to wheel running for 6 h/day for 3 days as in the present experiment likely could have been adequate to have an effect on cocaine-seeking behavior. Another explanation for the lack of attenuation in cocaine seeking after 3 days of unlocked vs. locked wheel conditions may be due to floor effects of cocaine-seeking behavior during early withdrawal. During the initial days following cessation of cocaine self-administration, cocaine seeking has been shown to be low (Grimm et al. 2001 ) and may have obscured treatment effects of wheel running during early withdrawal. Overall, however, the present results demonstrated that wheel running suppressed cocaine seeking during late compared to early withdrawal and support significant treatment effects of aerobic exercise on relapse-related behavior and its progressive increase over time.
Empirical work with humans has already demonstrated significant reduction of tobacco craving Daniel et al. 2004; Prapavessis et al. 2014 ) and withdrawal symptoms Fig. 2 a Mean (±SEM) wheel revolutions across the first 3 days of the withdrawal period did not differ among the unlocked wheel access groups. b Mean (±SEM) responses on the lever previously paired with cocaine were significantly higher for the L30 group compared to the U30 group (#p<0.01). Incubation of cocaine seeking was apparent in the animals with access to a locked running wheel, as the L30 group had considerably more responding than the L3 group (**p<0.05). However, this increase in responding was absent in the animals that had access to an unlocked running wheel during the withdrawal period (U3 vs. U30) (Ussher et al. 2001; Daniel et al. 2004; Williams et al. 2011; Prapavessis et al. 2014 ) following bouts of moderate intensity aerobic exercise, and recent reports indicated that 8 weeks of supervised aerobic exercise in methamphetamine-dependent individuals helped restore D2/3 receptor availability to control levels (Robertson et al. 2013) . In addition to notable treatment effects of exercise alone, emerging clinical (Potenza et al. 2011) and preclinical (Zlebnik et al. 2014; Zlebnik and Carroll 2015) findings suggest that combined behavioral and pharmacological treatments may result in more effective, longer-lasting, and selfmaintained treatment outcomes that will reduce relapse to drug use and promote overall better health. Aerobic exercise has been suggested as an adjunctive treatment for the standard treatment for anxiety disorders (Sciolino and Holmes 2012) , and evidence supports better treatment success when exercise is combined with cognitive (Martin et al. 1997 ) and motivational (Weinstock et al. 2008 ) treatment strategies. While the present results demonstrate a significant treatment effect of exercise during extended withdrawal, there may be an additional role for exercise in augmenting standard addiction treatments and in facilitating the adoption and maintenance of healthier patterns of behavior (Ussher et al. 2012 ) after prolonged abstinence.
Conclusions
The present results demonstrate a strong role for aerobic exercise in reducing the likelihood of relapse-related behaviors in rats during an extended withdrawal period of 30 days. These findings also indicate that it will be important for future work to not only determine the mechanism of the effects of wheel running on time-dependent increases in cocaine seeking but also examine the efficacy of aerobic exercise to decrease incubation of cocaine craving in humans. This persistence of intense craving during protracted withdrawal from drug use presents a major barrier to the treatment of addiction, and implementation of aerobic exercise regimens during the abstinence period may facilitate more successful treatment outcomes.
